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The breakup Of Comect Shoemaker- Levy 9 1S disC ussed both in the context of splitting as
a comelary plicnowenon, comparing this object with other split comnets, and as an event with
its ownidiosy ncrasics. The physical appearance of the cometis desciibed, features diagnostic
of the naturcof tidal splitting are identified, andtlic implications formodclling the event arc
spelled out. Among the einphasized iSSUES S the problem of secondary fragmentation, which
documents the comet’s continuing disintegration during 1992- 94 and 1 plies that in July 1992
the parent object split tidally scar Jupiter iuto 1012, not 21, major fiagments. Also addressed
are the controversics involving models of astrengthless agglomerate versus a discrete cohesive
mass and estimates for the sizes of the progenitor and its fragments.

1. Introduction

Splitting is a relatively common phenomenon among coinets, even though its detec-
tion is observationally difficult, because companions arc almost invariably very diffuse
objects with considerable short-terin brightuness variations. Cotnct Shociaker- Levy 9's
behavior was gencrally less erratic than that of an average split comnet, which may have in
part been due to amajor role of large-sized dust. The breakup products that contributed
most significantly to the comet’s total brightness are referred to below as components, or,
because of their diffuse appearance, as condensations, both common terins of cometary
phenomenology. The terms nuclei and fragments are instead reserved for genuine solid
bodies of substantialdim ensions (2 1km across) that were “hidden” in the condensa-
tions. A condensationmay contain many fragiments or nuclei, besides large amounts of
material of subkilomctcr-sized and smaller particulates, the entire population of which is
characterizedby a certain size distribution function.

A total of 21 split coinets had been docuinentedinthe literature by 1980 (for a review,
see Sckanina 1982)and ten additional ones have been reported since. Of theserecent
entrics, fully seven arc or were short-period cornets (79P /du Toit- Hartley, 108 /Ciflréo,
101P /Chernykh, D /Shoeinaker- Levy 9, P/Machholz 2, 511'/11 arrington, and the parent
of 42/ Neujmin 3 and 531’/ Van Bicsbroeck); two are (or were) “old” comets (of which
Takamnizawa- Levy 1994 X111 = C/1994 G1 is one, while the breakup products of the other
were discovered as two separate objects, Levy 1987 XXX = C/1988 1'1 and Shocinaker-
Holt 1988111 = C/1988 31, orbiting the Sunin virtually identical paths with a period
of ~14 ,000 years and passing through perihelion 23 months apart); and one is a ‘(new”
comet, from the Qort cloud (Wilson 1987 VII = C/1986 P1 ). Shoemaker- levy 9 was
unique among dl the split comets in that the maximum number of condensations observed
at the same time was by far the largest. It is shown below, however, that without the
italicized qualification the statement would not be valid.

Coinet Shoemaker- Levy 9 iS one among only a few multiple comnets that arc known
to have fragmented due primarily - if not entirely -- to the action of tidal forces during
their extremely closc encounters with Jupiter or the Sun. Resides Shocmaker- Levy 9,
direct evidence exists for 16P /Brooks 2, which missed Jupiter by one planet’s radius
above the cloud tops in1886;and for two or three meinbers of the sungrazing comet
group (1882 11 = C/1882R1,lkeya-Seki 1965 VIII== C/1965 S1, possibly also Pereyra
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1963 V = C/1963 R1), whose perihclia were located within %thc Sun’s radius above the
photosphere. For other split com ets, the nature of the distuption mechanism is not fully
understood, although jettisoning of pancake-sl)aljcd fragincents of aninsulating mantle
from the nuclear surface by stresses, built up unevenly beneath it, is consistent with the
cvidence suggesting that these comets ‘(peel off” rather than break up ( Sckanina 1982).

2. The number of condensations

The detected number of Shoemaker-Levy 9's condensat ions depended not only on the
linaging circ umstances and the instrument used, but also onthetime of observation,
because some Of the condensations disappcared with time while others began to develop
companions of their own. Accounts of high-resolution obscrvations indicate that no more
than 22 condensations were detected at a time. On the other hand, the combined num-
ber of condcusations reported on visually inspected images obtained at various times
appears, collectively, to total 25. This is short of the recor d hield by the progenitor of the
group of sungrazing cornets, from which all the observed members were found by Marsden
(1989) to derive. The known sungrazers represent at least three generations of fragmen-
tation products and include: (i) four members discovered betwceen 1843 and 1887, one of
which (1 88211) was observed after perihclion to have at least five comnponents and another
(1887 1= C/1887 1) aways appeared as a headless object (Kreutz 1888); (ii) four mem-
bers discovered between 1945 and 1970; (iii) SiX members detect cd wit }, a coronagraph
onboard the SO LWIND spacecraft, between 1979 and 1984; (iv) 1 O members detected
with a coronagraph onboard the Solar Maxiinuin Mission spat.ccraft between 1987 and
1989; and (v) any possible precursor objects, of which anuncertain orbit exists for onc
(the comet of 1668 = C/1668 1) and very little informat ion on two more (the cornets of
1106 and 371 B C). Excluding the dubious companion to 1963 V, a fcw unlikely candidates
in the17th through 1 9th centuries (for an overview, scc Marsden1967),and the cornets
of 110G arid 371 BC, onc ill finds aiotal of 29 comets and compauions- anumber that
moderately exceeds the 26 condensations of Shoemaker-levy 9-observed over a period
of nearly 150 years. llowever, if thissystem of cornet parentage is accepted, the number
of catalogued split comnets should be dccrcascd by one, because1882 11 and 1965 VIII
would not then be listed as separate entries. Onthe other hand, if only first-generation
products of anobject should be counted, the number of sungrazers would drop, but so
would the number of condensations of comet Shoemaker-Levy 9, as discussed in some
detail in Sec. 4.3.

3. Appearance of comet Shoemaker-Levy 9

The comet’s condensations were al aigned hian essentially rectilinear configuration,
which extended amost perfectly aong a great circle of the projected orbit and whose
appearance has often been fittingly compared to a string of pearls. in the techuical
literature, the collection of the condensations is usually referred to asthenuclear train
or just thetrain.¥ven though the condensations were the most promninent features
contributing substantially to the total brightness, significant amounts of inaterial were
also situated inbetweenthemn, aong the train's entire length.

The comnet further exhibited three other kinds of morphological features. Extending
from the train on either side were tratls or wings, of which the east- northeastern one
appeared to be dightly inclined relative to the train. Subtending a relatively small angle
with the train and pointing generally to the west was a set of straight, narrow tails,
whose roots coincided with the distinct condensationsin the train. Thesc parallel tails
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were irmmersed in, and on low-resolution images gradually blerided with, anenorimous,
completely strut.turc]css sector of material, whit.11 was stretching to thenorth of its sharp
boundary delincated by the nuclear train and the two trails,

3.1. The nuclecar train

‘1’0 describe the train’s structure in detail, two notations were proposed to identify the
condcnsations. The system introduced by Sekanina et a. (1994; hercafier referred to as
Paper 1) has been employed, especially after the impacts, amost universally: the eastern-
most condensation, the first to crash, was named A; the westernmost, which crashed the
last, W. Theletters 1 and O were excluded to avoid any confusion with the symbols
used for therespective digits. The relationship between this notation and Jewitt et al.’s
(1993) system, which numbers the condensation s, is: A =21, B 20, ... W = 1.

The train’slength, defined by thie projected distance between the condensatioris A and
W, continuously grew withtime, from~50arcsec shortly after discovery in late March to
alinost 70 arcsce by mid-July of 1993, 10 more than 2 aranin by the beginning of 1994, to
about 5.5 arcinin by early May, and to somne 10 arcinin, equivalent to a projected distance
of more thau2 million kin, by carly July 1994. The train’s enormous extent was reflected
inthe time span of 5.5 days between the first and the last impacts: July 16.84 UT for A
and July 22.34 UT for W (Chodas & Yeomans 1994).

The train’s oricntation varied relatively insignificantly during the period of more than
onc year between discovery and collision. ‘he position angle, measured inthe direction
from A to W, was within 1° of 256° between late March and mid-July 1993, decreasing to
245° by the beginning of 1994, reaching a minimun of 241° in early March, a maximum
of 244° at thebeginning of June, anddecrcasing again, a anaccelerating rate, to ~240°
by mid-July 1994.

A detailed analysis of the alignment of the individual condensations showed that five
of themr- B, J, M, P (later resolved into 1’ and 1’,; sce See, 3.2), and ‘J- exhibited
small but detectable off-t, r ain deviations on high-resolution images as early as March-
July 1993, duringthe first four months after discovery (Table8 of Paper1). From
a comparison of the 1993 pre- and post-conjunction obse rvations, it became apparent
that this group of “anomalous’ condensations also included F. And morcerecently, with
theuse of a large number of 1994 observations, this category of coudensations grew
further, now also encompassing N, Q, (see Sec. 3.2}, U,and V. Thus, ten of the observed
condensations were found to deviate noticeably from the train “proper”.T'o this date it
is not clear whethersomne other condensations, in particular C arid/or D, should likewise
be classified as members of this group.

3.2. Physical evolutionof theirain

Two of the condensations, J and M, had only been detected by Jewiit et al. (1993)
on four occasions between late March and mid-July 1993. They are not apparent on
the images taken with the Hubble Space Telescope (11 S'1') on July 1, 1993 (Weaver et
al. 1994) and were not reported at any time during 1994. An unpublished account of
a possible detection of J on the cornet’s image taken at Mauna Kca on December 14,
1993 dots not appcar to be correct.

The first sigus of impending dramatic changes in the appearauce of the train became
cvident on the July, 1993 images obtained with the HST (Weaver et al.1994). While the
components Jand M vanished, tile condensation Q, the brightest at the time, appeared
to have a faint, diffuse companionsome 0.3 arcsec away at a position angle of ~30°. At
the location of the condensation 1' two very difluse nebulosities can be scen, less than
1 arcsecapart and aligned approximately with the train. The condensation L may also




4 7. Sckanina: Tidal breakup of Comet Shocmnaker-Levy 9

have exhibited a companion nebulosity to the north. The spatial brighitness distribution
in the condensations was reported by Weaveref a. to be significantly flatter thanthe
inverse first power of distance froin the center, with no molecular emissions in the spectral
region between 2220 and 3280 A.

By late J anuary 1994, the time of the next HST observation (Wecaver et a. 1995),
the 1'- Q region haddeveloped considerably, The condensation Q was manifestly broken
into two, a brighter Q; and a fainter Q,, 1.2 arcsec apart and the fainter to the north-
northwest of the brighter. The condensation 1' also consisted of two widely separated
nebulosities. The fainter and poorly condcnscd component, Py, was 4.2 arcsec from
Q; and alimost exactly to the north, while the brighter, 1’,, was 5.0 arcsec from Q,
inthe north-northeastern direction. The separation of ’; from 1',was 2.2 arcscc, the
former nearly to the west of the latter. Both components looked elongated:¥; very
distinctly to the west-~lortllwcst, inthe direction of the tail; Py less noticeably to the
southwest. Another significant developiment was the issuance, in the southward direction,
of a bright “spur” fromthe condensation S (Weaver 1994). The spatial distribution in the
condensations became steeper thanthe inverse first power of distance. The appearance
of the nuclear train,except for the condensation W,is shown in Fig. 1.

Further morphological changes were noticed on the IIST images of the comet taken
onMarch 29-30, 1994. Tliccondensation 1',had become double, the fainter component
appearing rather diffuse, and the spur of Shad grown fainter (Weaver 1994; Weaver el
al. 1995). While most condensations were stillsharply defined, the components 1’ and T’
were barcly discernible as virtually uncondensed masses of material. Again, no molecular
emissions were detected in the 2220-3280 A region.

"The HST monitoring of the comet continued throughout the months of May-July 1994,
one of the highlights of this period being the spectral detection of astrong outburst of
Mgt on July 14, followed by a majorincrease in tile continuum about 18 minutes later
(Weaver ef al. 1995). The absence of any neutral molecular emissions in the spectrum
between 2220 and 3280 A was again confirmed. Theimages Snow that the central regions
of the condensations, afew seconds of arc across, remained spherically syimmetric until
onc weck or so prior to impact, a which time they began to grow strikingly elongated
along the direction of the train.

In the mecantime, ground-based obscrvations-interrupted in late J uly 1993 because
of the comet’s approaching conjunction with the Sun--resumed in early Dccember 1993
and continued during 1994 until impact. The condensation P,was obscrved extensively
and as late as July 14 at the European Southern Observatory at La Sills and July 19 at
the Mauna Kea Observatory. Ground-based observations of Pjapparently terminated
in late March. The condensation Q,may have been sighted on only a few occasions and
was measured perhaps just once. On May 7, 1994 Jewitt & Trentham (1994) detected
a companion to the condensation G, 5.1 arcsec to the northeast of it.The existence of
this companion was confirmed onthe 11ST images taken on May 17, by wlich time its
separation distance increased to 5.9 arcsec (Noll & Smith 1994). On the other hand, its
identity with a faint object located 4.1 arcsec to the north-northeast of G onthe HST
images from March 29 is highly doubtful.

3.3. The dust trails

Observations of the two trails arc very limited, compared with the extensive amount of
information available on the nuclear train. Almost all the published data refer to the
carly post- discovery period, late March through late May 1993, Their nearly complete
list is presented in Table 2 of Paper 1. The west-southwestern trail was perfectly aligned
with the nuclear train and its southern boundary appeared to be marginally sharper than




PERIODIC COMET SHOEMAKER-LEVY 9 ON JANUARY 24,—27,1994
g iA&fx* . ) ‘ . T K . P N
| ,
A ,
A B C b E F |
G H
NORTH
SCALE (10' km):
, L | R
NORTH PERIODIC COMET BROOKS 2 ON AUGUST 5,1889
SCALE (10' km):
#* ! [ S R | N S |
! 0 1 2
| SUN
E *
\ \
D rw".': - d“:{&‘.\\\«‘_ ‘,l: .‘\A PO
c B A

Fig.1. Comparison of the appearance of periodic cornets Shoemaker-Levy 9 and Brooks 2. Top: Mosaic image of the nuclear train (except for
the condensation W) and the tails of Comet Shoemaker-Levy 9 taken with the Wide Field Planetary Camera 2 of the Hubble Space Telescope on

January 24-27, 1994. The 20 visible condensations are identified in the commonly used notation introduced by Sekanina et al. (1994 and later
expanded to accommodate the additional condensations. The projected linear scale @ the comet and the directions of the north and t % Sun are
shown. (Adapted from an image provided by courtesy of H. A. Weaver and T. E. Smith, Space Telescope Science Institute. ) Bottom: Drawing of

P/Brooks 2 made by E. E. Barnard (1889) and based on his visual observation with the 91-cm equatorial of the Lick Observatory on August 5,1889.
The notation used for the five condensations is that of Barnard. The scale and the orientation of the drawing are also shown.
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that of the east-northeastern trail. 7The two trails made au angle of 176° with each
other, with an uncertainty of about 4:2°. No morphologic al features 1hat could possibly
suggest the presence of faint condensations were ever reported ineither trail, but it
appears that not enough effort has beenade with this goal inmind. To the north,
the trails blended into the structureless sector of material. From the descriptions based
on 10 low-resolution images, thelength of the east-northeastern branch was, on the
average, 0.63 the length of the west-southwesterli branch. The maximumlengths were
reported by Scotti (1993) on March 30, 1993: ~10.4arcimin a a position angle of 260° for
the west-soutllwestcerli branch and ~6.2 arcinin at 75° for the east-northcast ern branch,
mcasured from the train’s midpoint. Computer processed 1mages show, however, no clear
difference between the lengths of the two branches (Scotti & Metcalfe 1995). The only
1994 o bservations of the trails that 1 am aware of were reported by Lehky (1994) and by
Scotti & Metcalfe (1 995), both during February. The trails were fading rapidly with time
and their expansion was consistent, according to Scotti & Metcalfe, with the assumption
of no evaporationandno further production of dust material.

34. The tails

The tails assoc 1ated with the condensations were observed virtually atall times between
discovery and collision. Their orientations and lengths derived from the comet’s ground-
based images taken in the early period after discovery were sumnmarizedin Table 2 of
Paper 1. The tails were reported to point at this time at the position angles between 280°
and 300°, making an angle of ~30° with the nuclear train. Their lengths, depending on
observing conditions aud cm the employed telescope, the exposure time, and the spectral
window, were foundto be up to ~80 arcsec. Additional tail observations were made by
Scotti & Metcalfe (1995) in both 1993 and 1994 and by R hf.West et al. (1995 ) shortly
before impact. These results arc discussed in Sec. 4.4.

The tails arc displayed prominenily on most of the HS'I images obtainedin 1994, an
example of which, from late January, is reproduced in Yig. 1. Fach condensation had
its own tail, whose length and degrec of prominence clearly correlated withithe “parent”
condensation’s brightness. The tails of the major condensations, such asG or K, arc
seen to have extended at this time all the way to the edge of the field and their lengths
must have greatly exceeded 25 arcsec, or 100,000 ki in projection onto the sky plane.

The apparent breadth a fcw seconds of arc from the condensation is estimated at
~G-7 arcscc for the brightest tails, hut only at ~2arcsec or so for the fainter ones,
corresponding to projected linear widths of 8000 to 25,000 km. ‘1’here iscvidence that
the tails of some of the condensations (such as E, H, and S) broadened more significantly
with distance from the train than did thetails of other condensations (such as C, K, and
L). There aso is an indication that the angle between the directions of the train and the
tails might have been getting smaller with time.

3.5. Comparison with other tidally split comets

Even though the appearance of comet Shocmaker-Levy 9 was unquestionably unique
among observed comnets, certain similarities, however remote, can he found with twoothcr
tidally disrupted comets,/Brooks 2 (1889 V) and the sungrazer 188211, The recognition
of such similarities is of the essence in the context of establishing the diagnostics of tidaly
split objects and their observable characteristics.

During its approach to Jupiter on July 21,1886, the jovicentric orbit of ' /Brooks 2 was
slightly hyperbolic (Sekanina & Yeomans 1985) and the comet’s post-¢ ncounter orbital
evolution was very different, from that of Shoemaker-Levy 9, After passing two planet’s
radii from the center of Jupiter,P’/Brooks 2 settled in a ncw hcliocentric orbit, whose



7. Sckanina: T'tdal breakup of Comet Shoc maker-1,cvy 9 7

perihelion distance was 1.95 AU. The comet was discovered shout three years later and
was 1.16 AU from the Earthand 2.01 AU fromn the Sun and approaching the perihelion,
when Barnard (1889) made the object’s drawing on August 5,1889, shown in Fig. 1.
Two of the morphological fcatures recognized in comet Shoemaker-Levy 9 arc apparent
on this drawing: (i) the nuclear train, consisting of thecondensations A, B, and C and
(ii) the tails, which in this case were aligned with thetrain. The condensations 1) and E,
either of which was seen on only two occasions, represent a pair of “anomalous”, off-train
components anaogous to Shoemaker-Levy 9's condensations B, F, h', etc. in addition,
on onc night Barnard (1889, 1890) detected four other faint companions to the south of
the trainand more distant from A than was E, hut al of them remnained unconfirmed,
as did a companionreported by Renz (1889) on another day. Barnard (1 890) suspected
that at least some of these objects may have in fact been faint, unrecorded nebulae.

There was no evidence for wings extending from the condensationsineither direction
or for a sector of diffuse material spreading to cither side of thetrain.However, Weiss
(1889) reported the detection of a nebulous sheath encoinpassing the condensations A
and B, while Barnard (1890) remarked on the absence of any such nebulosity during his
obscrvations on the same dates.

Although the relatively straightforward, empirically inferred parallelisin between some
of the morphological properties of comets Shocinaker-Levy 9 and Brooks 2 is found to
be rather encouraging and appealing, the results of dynainical talc.ulatiolls suggest that
the situation is more complicated and that there are even fewer similarities between the
two cometsthan onc is at first sight led to believe.

The nuclear region of the sungrazing comet 1.8821 | was observed to consist of at least
five condensations after perihelion. They lined up in the orbital plane in a direction
that, after correcting for eflects Of foreshortening, waslagging the Sun- comet line by
more than 20° in the early POst-perihelion period, but gradually less with time, until
the two directions coincided some 5-6 months later, a the time of the final observations
(Kreutz 1888). The brightness of the individual components varied with time, but the
second and the third condensations from the train’s sunward end wecre consistently the
most promninent ones. An elongated nebulous sheath of material was enclosing the entire
train. When last mecasured, about 150 days after perihelion, the shecath was almost
3 arcmin long, which is equivalentto a projected extent of more than 300,000 km. 1t is
conceivable that the far regions of the sheath would have eventualy evolved into wings
similar to those displayed by cornet Shoemaker---Levy 9, if they were sufliciently bright
to have remained under observation till longer.

4. Implications for modelling comet Shoemaker—Levy 9

Before turning to the discussion of the various inodels proposed for coinet Shoemaker-
Levy 9, | list a few critical issues that represent excellent test criteria and are therefore
to be addressed first. Themerit of a paradigm depends primarily on the degree of
its conformity with observations used in the course of iis{ormulation, but aso on the
plausibility of the assumptions employed, and obviously very much ontlie success of any
verifiable predictions that it might offer.

4.1. Morphological lest crilc1ia

From the descriptions of the cornet’s appearance in Sec. 3, two criteria arc identified
for testing a model: (i) it should explain quantitatively the four classes of morpho-
logical features detected (the nuclear train, trails, tails, and the sector of matecrial)
and their evolution and properties; and (ii) it should be conceptually consistent with
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unambiguous, model-independent conclusions based on direct observational evidence.
Fach model should aso be judged in a broader context, in suchterms as the object’s
implied long- terin dynamical stability, the plausibility of postulated properties,and the
paradigm’s compatibility with current views on the physical behavior of comets.

The aspects of the problem that arc considered the most significant arc individu-
ally disc. ussed below. The first point to make is that the four classes of dust features
should be viewed as different manifestations of the same process and as integral prod-
ucts of an initially single object. If either of these premises should berelinquished, onc
may as wellabandon altogether any attempt to formulate a physical model for comet
Shocinaker- Levy 9. Once these premises arc accepted, however, any mnodel based on
the interpretation of ouly soinc of the morphological features (such asthie nuclear train)
should at best be considered incomplete and tentative, the judgment of its merit should
be postponed subject to further testing, and al the conclusions to whichit leads should
be viewed with caution and skepticism.

The second pointto make is that the observed morphiology of the nuclear train of
comet Shoemaker-Levy 9 offers most information and its analysis should unquestionably
be the top priority in modclling efforts. Some of the train’sproperticsarc diagnostically
so critical that they deservespecial attention.

4.2.The train’'s orientation

Temporal variations in the train’s orientation arc among the dynamical characteristics
of comet Shoemaker-Levy 9 that have been determined with very high accuracy and are
of fundamental importance from the standpoiut of modelling. The dependence of the
positionangle of the nuclear trainon the conditions at the timme of tidal disruption was
investigated in Paper 1. The orbital calculations showed conclusively that for a given
trgjectory of the comet and a fixed time of breakup, no inecasurable effect on the train's
orientation could be generated by variations, within physically meaningful ranges, in the
imitial radial distances of the fragments from Jupiter (whichrepresentthe dimensions
of the parent nucleus) or in their orbital velocities (which simulatcany eflects in the
rotational and/or translational momentum), or sornc combination thereof. The only
paramcter that demonstrably affects the train orientation in a systcinatic manner is the
model-independent timeof dynamical separation, adso called the ¢ffectivetime of breakup.

In practice, the train’s position angles derived from astrometric observations were
found to depend slightly, but measurably, on the selection of the condensations. For
the sake of uniformity, it was necessary to select a “st andard” set of condensations.
Since the origin of the group of anomalous condensations (B, F, J, M, N, etc.) was
suspect, its members were the first to be excluded fromn any such standard set. The
selection was essentially dictated by a balance between two somewliat contradictory
requirements: (i) by the need to employ the largest possible number of observations
and (ii) by a condition that the position angles calculated from the standard set be
representative of the “intrinsic” orientation of the train as a whole. Since most observers
measured only brighter condensations, the first point implies the need to employ as fcw
condensations as possible. By contrast, the second poini requires a large number. After
much experimentation, tile standard set was defined in Paper 1 by eight condensations-
E, G, H, K, L, Q(later Q;), S, and W. Comparisons with other sets showed that, except
when the anomalous condensations were much involved, thepositionang](:s differed at
most by a fcw hundredths Of a degree, This is only a small fraction of the typical
uncertainty involved in the position-angle detcrminations, which was about +:0°1 for
high-resolution images (telescopes of ~1 .5-meter aperture or larger) and sorne 0°3 or
so for images of lower resolution (telescopes of ~1-meter aperture or smaller).
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Fig. 2. The temporal distribution of residuals of the nuclear train’s position angle as a function of
the assumed cffective time of tidal disruptiou,fo.The dots represent the 144 data points, dcter-
mined by fitting astrometric observations of the standard  set’ scightcolldcllsatir,ns ¥ through W.
The curves show th e variations in {he calculated position anglcfor seven difierent effective times
of breakup measured relative to the timne of perijove, 73 = 1992 July 7.860364 TDB.Yor the
optimized solution, to—7y=- 2.5 Lours, the calculated variations are represented by a straight
linc. (After Sckanina et al.1995.)

Although relatively subtle, the deviations of the nuclear train orientation from the val-
ues predicted for perijove were found in Paper 1 to be sufficiently pronounced that the
effective time of breakup, o, could be determined, withan estimated error of 4:0.5 hour
or so, from observations rnade primarily in the early pos(-discovery period of time. The
time Lo, which describes the completion of a post-breakup collisional redistribution of
the debris rather than the initiation of tidal fracture, was caculated inlaper 1 to equa
2.2 hours after perijove, based on a total of 42 astrometric positions from 1993. A ncw
result based on therecently expanded database, including al 144 relevant observations
from 1993-1994 (Sckanina et al. 1995), essentialy confirnis the solution derived from the
smaller sample; the datisticaly best estimate is now 2.5 hours, again with an estimated
error of 0.5 hour. The distribution of the residuals in Fig. 2 shows that the 1994 ob-
scrvations, while entirely consistent with the 1993 oncs, fail to improve the solution
significantly because of a dramatic decreascinthe sensitivity. The detailed interpreta-
tion Of the effective breakup timc is an issue that each model is to settle within its own
framework. 1 will return to this problem in Sec. 5.

4.3. Secondary fragmeniation

The next fundamental issue is that of the origin and the nature of the ofl-train, anomalous
condensations. This point, too, was addressed in Paper 1 on the example of the motion
of the comnponent 1' relative to Q.The 12 relative positions between late March 1993 and
mid-January 1994 could be satisfied with a mean residual of 40.28 arcsec, if 1' separated
from Q in mid-Novemnber 1992 (with an uncertainty of a fcw wrecks) at a relative velocity
of 0.9 m/s. Evidence for similar events of secondary fragmeniationbecame ubiquitous
during 1994. Two examples arc reproduced in Figs. 3 and 4, both basedon the results
of a work in progress (Sckaninact al. 1995). Figure 3 displays an updated solution to
the motion of 1’ relative to Q, which satisfies 74 observations between March 27, 1993
and July 19, 1994 with a mean residual of 40.29arcsec. The breakup was found to
have occurred on 1992 Dec. 29 4+ 9 days with a separat ion veloat y of 1.144 0.08 m/s.
Figure 4 displays the motion of Q,relative toQ1, based on very accurate measuremncnts
from the HST images. The eight positions cover the period of time from July 1, 1993,
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Fig. 3. Projected motion of the component P2 relative to Q, based on 74 obscrvations between
March 27, 1993 and July 19, 1994 and interpreted as due toa splitting of the two condensations
on Dec. 29, 1992 with arclative velocity of 1.14 m/s. The dots arc the obscrvations and the
curve shows the optimized dynamical solution. (After Sckaninaeta. 1995. )

when the tWO components were just 0.3 arcsec apart, to July 20, 1994. The solution,
leaving a mean residual of 4:0.029 arcsec (1), yields 1993 Apr. 12:t8 days for the date of
splitting and 0.32 4 0.02 /s for the separation velocity.

The fact that the comnet’s fragmentation continued as a sequence of discrete events
for a considerable time after the 1992 grazing encounter with Jupiter has enormous
ramifications. First of all,sccondary fragmentation Was positively nontidal in nature.
Next, for all practical purposes it is certain that all of tile off-traincondensations were
products of this process, so that the number of inajor components split off from the
parent comet by tidal fracture was not 21, butl most probably 10 12. The preliminary
results also indicate noneed to introduce differentia accclerations in thiemotions of the
off-train condensations, although much work still remains to be completed. The apparent
absence of such accelerations lends support to {entative conclusions that neither effects of
solar radiation pressure nor mongravitational eflects have been detected, and that these
condensations were neither 100SC assemblages of small-sized particulate material nor did
they display any activity.

Sccondary fragmentation will unquestionably stay inthe forefront of attent ion for somne
time to come. A plausible physical model for Shoemaker-Levy 9 must account for this
sequence of discrete events,most of which appearto have taken place between early
July 1992 and the beginning of 1993, when the nuclear train was receding from Jupiter,
and also explain the observed relative velocities involved, of upto a leastlm/s.

4.4. Tail orientation and morphology: Kelation {o the problem of activity

The problem of Shoemaker-Levy 9's outgassing activity, especialy after discovery, has
been a hotly debated issue. With the exception of the brief appearance of Mgt shortly
before impact (as already mentioned din SCc. 3.2), no emission was ever detected spectro-
scopically. The unsuc cessful search for the hydroxyl radical with the HST s Faint Object
Spectrograph) and from the ground yielded a 30 upper limit on the water production rate
of 30 to 60 kg/s (Weaver et a. 1995; quoted here is the range of corrected values).
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vations anrl the curve shows the optimized dynamical solution. (After Sekanina etal. 199.5.)

Indirect inforination on the object’s possible activity is provided by the orientation
and morphology of the dust tails. It was stated inPapcr 1 that the orientation of the
tails observed in March1993, shortly after the comet’s discovery, essentially supports the
conclusion thai they consisted of particulate material that had been relcased during the
tidal breakup in early July 1992 and subsequently subjectedto effects of solar radiation
pressure.  Theresults of R.M. West etal’s ( 1995) careful study of the tals of the
fragments G and K in the period of July 1-15, 1994 arc also generally consistent with this
conclusion. The ncw preliminary results of our work (Sckanina et al. 1995), which is still
continuing, indicate that, using an updated set of orbital elements for the fragments, we
have apparently detected small but systematic deviations of the tails reported position
angles from the tidal-breakup synchrone. The dependence of the tail orientation on the
time of particlerclease is plotted in Fig. 5. The observed tail orientations arc from four
sources: (i) most of the data in March 1993 arc from Table 2 of Paper 1; (ii) the majority
of the points before July 1994 arc preliminary values for the fragment G by Scotti &
Metcalfe (1995), with an estimated uncertainty of several degrees; (iii) two points arc
the author’'s estimates on available HST prints (for six fragments in each case); and
(iv) the points in July 1994 arc averages of R.M.West etal’s (1995) results for the
fraginents G and K at 15,000 km from the condensation. 1t is evident from Fig. 5 that the
synchrones corresponding to times of release in September-November 1992 arc formally
more consistent with the observed orientations than the synchrone of early July 1992.
Because of uncertainties involved in the measured position angles and the poor resolution
duc to the “rowding’) of the synchronies, all one can conclude a thistime is that the
observed tails consisted of dust particles released roost probably during the period of
time between early July and theend of 1992, Available evidence does not make it
possible to decide (i) whether the release of the particulates was continuous or proceeded
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Fig. 5. The tail orientation as a fun ction of the assumed time of release of particulate material.
‘1'deposition angles measured omn ground-basedimagesare plottedascircles;those estimated hy
the author from two 11 ST prints, as squares. Most of the March 1993 data atre from ‘1'able 2 of
Paper 1; the majority of the points before July 1994 are prelimninary values for the fragment G
by Scotti & Metcalfe (1995); and those from July 1994 are averages of R. M. West et al. (1995)
results for thefragments Gand K at 15,000 km from the condensation The synch rones for par-
ticles released in mid- through late Novemnber 1992 tecame nearly aligned with the comet-Earth
line during May and June 1993, resulting in a rapid variation inthe position angle (dotted
curves). The nuclear-train orientation is plotted for comparison. (After Sekaninaet 01, 1995.)

in a sequence Of discrete events and (ii) whether or not it was outgassing-driven. From
the temporal coincidence it is tempting to associate the tail formation with both the tidal
breakup and the events of secondary fragmentation. HHowever, unless more is learnt about
Shoemaker-].evy 9's tails in the future, the proposed relationship with the secondary-
fragmentation events will necessarily remain speculative.

It was argued in Paper 1 that if the fragments were active, they would have displayed
tails to the east-southeast from the condensations during certain periods of time (span-
ning many months), contrary to the observations. In order to address a counterargument
(Weaver etal.1995)that such tails may not have been detectable, if the dust production
rates were very low, it clearly is desirable to obtain at least crude quantitative estimates
for critical dust production rates. Although thisissueis not here investigated systemati-
tally, two examples shown below are suflicient to illustrate approximate limits that such
considerations imply.In both examples the particle size distribution function is assumed
to vary inversely as the fourth power of the particle size--a reasonable approximation
supported by results on a number of comets, the visual geometric albedo of the dust is
taken to be equal to 0.04, and the total dust production rate is understood to refer to
particles whose sizes range from 0.1 um to 1em. For the assumed size distribution, the
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results arc relatively inscnsitive to the choice of the size limits; increasing, for €Xamp,je,
the upper limit from 1 cm to 1 m would increase the production rate by a factor of only
1.4. in the first of the two cases, 1 assume dust particles ejected in early J anuary 1993. In
late May 1993 some of these ejecta would be located in a tail about 15 arcscc away from
the parent fragment and at a position angle of ~1 10°. I the tail detection on ground-
based iinages requires, conscrvatively, a surface bright yess of, say, ~241mag/arcsec?, the
limiting dust production rate is ~2 kg/s, more than an order of magnitude lower than
the quoted upper limit on the water production rate. In the sccond casec,] 888U me ¢jec-
tions near March 20, 1994. On the comet’s image taken with the¢ ST onMay 17, 1994
(reproduced by Weaver et d. 1995 in their Fig. 1) a tail consisting of these cjecta should
be a a position angle of ~103°. If a ~5 arcsce from the parent fragiment this tail should
have a surface brightness of 25.5 mag/arcsec?, whichisabove the 11 S'1"s instrumnental
noise and therefore casily detectable, the limiting dust p1oduction rate would be merely
0.2 kg/s, yet another order of magnitude lower.

It is obvious that the observed tails must have consisted of dust released exclusively, or
almost exclusively,inthe second half of 1992. This conclusion sets tight constraints on
particle sizes and velocities. The dynamical mnodelling indicates that the solar radiation
pressure accelerations on dust grains in the tails were extremely low. For example, on
the July 1994 images taken by R.M. West et al. (1995) the typical acceleration ratio of
radiation pressure to solar attraction on particulates located 15,000 km from the parent
fragment amounted to 0.00005, if they were relcased in early July 1992, or to 0.00020, if
in late 1992. These arc pebble-sized objects, with typical diameters between 1 and 10 cm,
depending on their bulk density. The width of the tails is determined by limits to the
particle velocity distribution in tile plane normal to the orbital motion; fromthe projected
lincar widths in late January 1994 (Sec. 3.4) and the age of the particulates at the time
(~13-19 months), onc finds characteristic velocities in the range from 0.1 to 0.4 m/s,
comparable with the scparation velocities of the products of secondary fragmentation
(Sec. 4.3). And since each tail is clearly an outgrowth of its parent condensation, particles
in the latter must have had even larger sizes and lower velocities.

5. Models for the splitting of comet Shoemaker—Levy 9

All published models for comet Shoemaker-l,cvy 9 arc based on the assumption that
the Jovian tidal forces were either entirely, or primarily, responsible for the comet’'s
breakup. This notion is supported by the orbital calculations, which show that the spa
tial positions of the various condensations, extrapolated from their absolute astrometric
observations in 1993-1994 back in time, essentialy coincided with one another at the
time of closest approach to Jupiter on 7 July 1992 (Yeomans& C} wodas1994), the least
satisfactory correspondence being yielded by the off-train components.

5.1. Classification of the models and a historical perspective

The various models differ from one ancther in severa respects. The critical discriminants
arc: (i) the gross nucleus structure and morphology of the progenitor comet and (ii) the
role of particle-particlc collisions. The first discriminant divides the existing models of
the parent nucleus into two groups. either a strengthless “rubble pile”, an agglomerate
of smaller building blocks of material held together entirely by self-gravity; or a discrete
mass Of solids- whether or not of aggregate structure- —possessing a definite cohesive
strength. The second discriminant separates tliec models that account for effects of col-
lisions accompanying the breakup from the models that treat the problem arr that of
acollisionless process.
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The wide range of nuclear morphology introduced in modelling Shocinaker-L evy 9's
nucleus is reminiscent of an old controversy betweenthe icy conglonierate nucleus of
Whipple (1950, 1951) and the sand bank model, which had kept comet experts busy for
decades and which was thought— prematurely, as it now appears-- t0 have been settled in
favor of Whipple’s concept by the images of Halley’s nucleus returned by the Giotto and
Vega spacecraft. As pointed out by Whipple (1 961, 1963), the sand bauk paradigin has
been around,inonc form or another, for a century or so. 1ts extreine variation- a diffuse,
100SC swarm of particles-- was advocated by Lyttleton (1 953), but in other versions the
cometary nucleus was envisaged as amuch more compact agglomerate, For example,
Vorontsov- Velyaminov (1946) maintained that the nucleus of Halley ’s comet is ~30 kin
indiameter and consists of a cluster of meteoric blocks, each ~1501ncters across, which
arc nearly in contact. Schatzman {1953) concluded that acompact sand bank assemblage
could collapse under certain circumstances, if protected from dispersive forces, buthe
cautioned that in relevant scenarios the process might be 100 slow. Whipple (1 961, 1963)
showed that the compact sand bank model encounters most of the diflic ulties of the diffuse
model and pointed out that gravitational cohierence alone is unlikely to keep the nucleus
intact over extended periods of time. While one may arguc that comet Shoemaker- Levy 9
is an exceptiontothe rule, an ad hoc postulate of this kind is questionable and should
be viewed with skepticism.

5.2. Strengthless agglomerate models: The pros and cons

At least two models describe the nucleus of comet Shoeinaker- Levy 9 as a strengthless
agglomerate of subkilo]net,cr-sized cometesimals of the same size (Asphaug & Benz 1'394,
Solem 1994). Both arc concerned only with the nuclear train and the main difference be-
tweenthemis that only Solem’s model accounts for effects of particle particle collisions.
A third model, briefly described by Rettigetal. (1994), is still in the process of develop
ment; in some of its versions a nonzero mechanical strengthamong the ~50 meter sized
cometesiinals is considered (Mumma 1995). All distances involved in these inodels scale
with simple similarity and the results depend critically onthe bulk density of the assem-
blage. These properties can readily be illustrated on a spherica body, whose radius is R,
bulk density p, and gravilational pressure at its center I'.. The gravitational attraction
between its two hemispheres is 3 7R2 P, while the net tidal force from Jupiter, of radius
Ko and density po, amounts to mR2P.(po/p)(Ro/B)%ata distance A from the planct.
Thenecessary condition for a hemispheric separation isindependent of the radius It and
is given by the following expression (Aggarwal & Oberbeck 1974, Dobrovolskis 1990)

p b7

ro (Ts) <2 (5.1)
For Shocmaker-Levy 9 one obtains p <1.1 g/em®, probably a soft limit, since the breakup
is likely to have begun before perijove (see aso an independent investigation by Boss
1994). A more meaningful constraint is offered by P/Brooks 2, whichapproached Jupiter
to 2 Jovian radii, so p< 0.34 g/cm?®(Sekanina & Yeomans1985).

An atractive attribute of the self-gravitating strengthless compact agglomerate models
is their apparently successful simulation of the progenitor's tidal disrupt ion into a fairly
small number (between afew and two dozen or so) of discrete clumps of debris, if the bulk
density of the cometesinals is confined to a relatively narrow interval of plausible values.
The reason for this unexpected result is that shortly after passing through perijove the
cometesimals begin to reassemble gravitationally, but because of the considerable tidal
elongation of the cloud at that time, the coagulation proceeds only localy, if the bulk
density pis, in this particular case, close to 0.5 g/cm?®.
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The fatal flaw of the proposed strengthless agglomerate models, which for all practica
purposes renders theminvalidated, is the fact that they motivated grossly incorrect
predictions for the impact phenomena (e.g., Weissman1994). Due to combined effects
of Jupiter’s tidal forces and the aerodynamic pressure and rapid heatingin the Jovian
at mosphere,loose assemblages of meter- to-subkilomcter-si zed cometesinals would indeed
have disintegrated into small debris at very high altitudes and wc would have witnessed
acosmic fizzle. And whereas observations do provide substantial evidence (e.g., Meadows
et al. 1995) that some, and possibly much, of each condensation’s mass disintegrated
nigh in the Jovian atmosphere, sufficiently massive fractions of 11 of the components
(including all t? of the standard set; Sec. 4.2) penetrated into the lower stratosphere, or
perhaps gtill deeper, where they exploded and generated huge ejecta clouds, some of which
were imaged with the HS'T (11amimel efal.1995). Furthermore, for at least a short period
of time before the crash of a 100SC agglomerate, observers should have witnessed each
fragment’s progressive sir-etching, driven by Jupiter's gravity and followingthesaine basic
pattern that wasso prominenily demonstrated by the surrounding dust coma.Instead,
the innermost, brightest part of the condensations remained to appear as an unresolved
dot even on very high-resolutior images, as illustrated by the last HST frame of Q; and
Qqin Weaver ctal’s (1995) Fig. 2.

These arguments indicate that the Asphaug- Benz—Solcin paradigm of a strengthless
agglomerate of equal-sized cometesimals cannot possibly represent arcalistic model for
the nucleus of Shoemaker--l,cvy 9. ‘lo salvage a more general concept of an agglomerate
nucleus, it is essential that the comectesimals be allowed to hold together by limited
strength and to possess a broad size distribution, including a dominant object that is
capable of contributing inost light to the innermost portion of each condensation on
the last pre-crashimages and whose residual mass can survive the flight through the
Jovian stratosphere. The size distribution of the cometesimals can be introduced either
ad hoc, as aninherent attribute of the nucleus, or by invoking significant local variations
in the force that binds the building blocks in the nucleus interior, in which case some
parts of the nucleus have a tendency to fall apart almost spontancously, while others
are capable of resisting relatively formidable stresses. The two scenarios for achieving
a size distribution of the cometesimals do not exclude each other. In any case, a cohesive
agglonerate will behave as a discrete nass of some limited strength (Sec. 5.3) and its
tidal disruption characteristics could not be predicted from the dynamical properties of
an agglomcrate model of the Asphaug-Benz-Solem type, which becomes irrelevant.

Onc can list additional difliculties of strengthless models. Of these, the observed
events of secondary fragment ation have the most severe iniplications, becausc strengthless
asscmblages of the Asphaug-Benz- Solem type could not continue to break up when
receding from Jupiter (Sec. 4.3). Indeed, Asphaug & Benz show that, in their model,
coagulation of cometesimals by self-gravity began to prevail aready several hours after
perijjove. Also of concern are the critical sensitivity of the strengthless agglomerate
models to the comet’s rotation and bulk density; doubts whether they can at al explain
the observed nuclear train orientation (Sec. 4.2), an important issue not addressed in
either of the two papers; an apparent contradiction in the tacit assumption that while the
dynamical behavior of the assemblage is governed purely by self-gravity, the cometesimals
themselves arc structurally so cohesive that their strength is not even questioned; and
a highly problematic long-term dynarical stability of strengthless agglomnerates. All
these arguments support the notion expressed by Whipple long time ago (Sec. 5.1) that
gravitational coherence alone cannot provide the basis for a redistic imnodel of cometary
nuclei. The arguments further imply that,in terins of fundamental structural properties,
Shoemaker-Levy 9 is no exception among comets.
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5.3. Models for adiscrete mass of limited mechanical strength

Tidal splitting of a discrete nucleus that possesses some, however limited,strength is
governed by different conditions. As mentioned in Secs. 5.1 and 5.2, cohesion of this
modcl nucleus, if of aggloincrate structure, may vary due to unevenly strong mechanical
bonds among its building blocks or due to uneven cementing of theinteriors of the
individual blocks) or both. Considering a self-gravitating, incompressible €lastic sphere,
Aggarwal & Oberbeck (1974) snowed that fracture starts either at the body’s center or
on its surface. in general, their result can be written in a form analogousto (5.1),

3
14 A P,
- k— 5.2
p” (RO> <k (5.2)

where k is a constant on the order of unity. When fracture starts at the surface, U equals
T, the body’s tensile strength. When it starts at the center, U =74 J,. Aggarwal &
Oberbeck argued that fracture is completed when the tensile strengthis exceeded by the
greatest principal stress both at thecenter and on the surface of the body.Dobrovolskis
(1990) pointed out, however, that Aggarwal & Oberbeck’s approach underestimated the
extent of fracture because their calculation of the stress field did not account for its
ch anges as the fissure pr-opagatcs. In any case, the critical tensile strength at which
the body would begin to break apart varies as the central pressure and is therefore
proportional to the sguare of the body’'s size. For fixed values of p, s, o, and A, tidal
splitting of a comet is the easier the larger ils nucleus is. The size dependence represents
a fund ament a diflerence between the behavior of strengthless agglomerat es and nuclei
that arc at least weakly cemented.

Secondary fragmentation is one of the observed phenor nena that inakes the concept of
discrete cometary nuclei of limited and variable strength very attractive. The fact that
the products of each secondary fragmentation event appeared as discrete condensations,
rather than an elongated cloud of dust, testifics to the presence of a dominant mass in
each of them. And the diffuse appearance of each such component suggests that much,
if not al, of its dust cloud was formed upon separation. Without these properties one
would have to postulate a bimodal velocity distribution of the dust cloud in the parent
condensation, an obviously flawed premise with no physical or d ynamical rationale.

Events of secondary fragmentation can readily be understoodin the framework of
adiscrete nucleus as a result of a gradual fissure propagation. Asphaug & Benz (1994)
argued that a body of any realistic density could not have been broken up into ~21 pieces
by the tidal forces, regardless of its strength. They proposed that if the cornet was
not astrengthless “rubble pile’ to begin with, it would have tobe a structurally weak
aggregate shattered by impact during its inbound passage through tlie Jovian ring. This
scenario fails to explain the breakup of P/Brooks 2 (which never approached closc enough
to the planet to cross the ring) and since the initial number of major fragments of
comet Shoemaker-Levy 9 was just 10 to 12 (Sec. 4.3), Asphaug & Benz’s objection
is no longer relevant. However, their suggestion that growing cracks in a nucleus of
some inherent strength may stall is of interest, paralleling somewhat our argument in
Paper 1. The implications from Paper 1 are that a body of uniform strength is pure
fiction and any arguments against its expected behavior are therefore unnecessary and
meaningless. A crack could stall whenever it encounters a mass of greater strength during
its propagation through the nucleus. As the cornet rotates, the centrifuga force would
assist the tides in at least some parts of the nucleus, depending on the oricntation of the
spin vector. Even for a nonrotating comet, the configuration of regions of highly variable
strength in the nucleus interior should be changing rapidly relative to J upiter (and its
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tidal field) near perijove because of the sharply curved orbit. An obviousinference is that
there should have beenlarge fragments that had survived the Jovian encounier cracked
but not completcly broken and that some of the cracks would have been cxtended 1o the
poini of fraclurcatlater times in those among the fraginents that happened to have been
spun up as a result of the collisons] angular momentum redistribution) in the cloud of
debris.

The plausibility of the concept of discrete nuclei of limited and variable strength is also
illustrated by other idiosyncrasics of the condensations of Shoemaker - 1evy 9, both in
interplanetary space and upon entering the Jovian atmosphere. Onc of these peculiaritics
is the gradual disappearance of a condensation, which is particularly well doc umented
by the HS'T observations of Py (Fig. 2 of Weaver ef al. 1995), but was obviously also
experienced by J, M, and P2b. Common to these condensations was apparently their
extremely poor cementing throughout their interiors on such scales that no fragiment of
a size detectable by the 11S1 could survive even in interplanetary space. ‘his critical
size at the comet's distance is about 1 kinin diameter, so the gradua diappearance of
thesc condensations dots not provide a very strict limit on the maximumn fraginent size
and on the density of lines of extreme structural weakness in these objects.

The next group includes some other off-train condensations, such asB,F, etc.,, which
did not disintegrate during the months before their impacts but generated no detectable
cjecta. Sine.c stresses (such as rotational) acting on comets and their fragments in inter-
planetary space arc generaly lower than the tidal forces very close to Jupiter, it appears
that lines of extreme structural weakness were less densely distributed inthe interiors
of these fragments, but that areas of high structural weskness were still sufficiently ex-
tensive for the objects to be broken tidally shortly before they entered the atmosphere
(Sckanina 1993).

Finaly, the on-train condensations apparently contained kilometer-sized fragments in
which areas of high structura weakness were still Icss common, SO that these fragments
survived the tidal action and began to fragment precipitously only under the effects
of aerodynamic pressure, which for the impact velocity of Shoemnaker-lLevy 9 began to
exceed the tidal force at altitudes of about 300 km or so above thel-bar level.

These groups of fragments clearly correlate with the classes introduced by 11 aminel
et al. (1995) and suggest that the distribution of lines Of extremne structural weakness
isthis classification’s criterion. However, one should not thinkin terms of discrete
categories, instead, each fragment is likely to have its own position in the hierarchy of
structural strength. One observational implication is that the off-train condensations
of structurally weaker fragments should have generaly appeared brighter than the on-
train condensations, because a greater mass fraction of the off-train condensations was
contained in the debris near the lower end of the size spectrum, so they had a higher
apparent cross-sectional area pcr unit mass. This effect was particularly well illustrated
by the first two condensations to crash, A and B, as A was in fact fainter, yet apparently
much more massive. Of the on-train condensations, one example of an excessively fragile
fragment was Q, which over a time gave birth to perhaps as many as five secondary
fragments. This condensation had long been the brightest component of the train, yet
the impact of Qwas a relatively disappointing event.

The high susceptibility of cometary objects to fragmen tation during flight through the
Earth’s atmosphere has long been known from observational evidence accumulated in
the field of metcor physics (eg., McCrosky & Ceplecha 1970). in fact, fragmentation-
especially discrete fragmentation events, which trigger flares or outhursts aong the
atmospheric path- is clearly the dominant ablation process for massive cometary im-
pactors. Borovicka & Spurny (1995) recently analyzed a photographed cometary bolide,
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which morphologically represents a good analoguc for the fragments of comet Shoemaker-
Levy 9. The bolide’s maximum brightness normalized to a distance of 100 km reached
panchromatic magnitude --21.5, its bulk density was ~0.1g/cin3,and its initiad (preat-
mospheric) mass ~5 tons. Borovicka & Spurny also found that along the entire luminous
paththe bolide’s flight was only marginally decelerated by the atmosphere. Thebolide
became visible at an altitude of 99 ki above sca level, where the dynarmic pressure
reached ~2 mbar and the atmospheric pressure was only 0.4 ubar. An equivalent alti-
tude in the Jovian atmosphere is ~380 km above 1 bar. The bolide disintegrated entirely
by the time it reached an altitude of 59 km (au equivalent Jovian altitude of ~190 km
above 1 bar), at a dynamic pressure of ~1 bar and an atmospheric pressure of 0.25nbar.
Borovicka & Spurny’s modelling of the object’s light curve shows that almost 50 per-
cent of the initidl mass was lost in the brightest flare alone, whose FWHM duration
was ~0.05 second, and that the residual mass after this event amounted to less than
1 percent of the initial mass. This outburst was observed at an altitude of 67 km, where

the dynamic pressure rcached ~0.4 bar and the atmospheric pressure was 0.08 mbar.
The fragments of Shocmaker-1.cvy 9 were subjected to the same dynamic pressure at an

atitude of ~200 km above 1 bar, where the atmospheric pressure was ~0.15mbar.

To summarize, the paradigm of a cometary nucleus that possesses a limited but vari-
able strength avoids conceptual pitfalls of the strengtliless agglomerate models. The
results for the tidal breakup arc no longer critically sensilive to the bulk density, for
which values significantly lower than 0.5 g/lem’are preferred. This limnit is based not
on the results obtained from the strengthless agglomerate models, but from the simple
application of ¥q.(5.1) to I'/Brooks 2. The Shocmaker-Levy 9 progenitor could have
begun to break apart perhaps as early as one}lour or more hefore perijove, especially if
its nuclear dimensions were relatively large (Sec.. 5.4). The interpretation of secondary
fragmentation and the explanation of the dramatic differences in the behavior among the
condensations both before and upon their atmospheric entry arc thus logical outgrowths
of the fundamental conclusion on low and highly variable strength of tidally generated
fragments and their products.

5.4. Sizes of the progenitor nucleus and iis fragments

The dimensions of the progenitor nucleus and its major fragments have been a subject
of cent inuing controversy. A relatively soft upper limit on the progenitor's photometric
cross section results from a failure to find the comet onprediscovery exposures taken
with the 100-cm Schmidt telescope at the European Southern Observatory in March 1992
(Tancrediet al. 1993, Tancredi & Lindgren 1994), on which the limiting magnitude for
an object having the comet's motion was B =21.3. Even the largest estimates for the
nuclear size indicate that the cornet, if inactive, would have been at least 0.5 magnitude
fainter, assuming appropriate values for the albedo and the phase cocflicient.

Inthe papers by Scotti & Meclosh (1993), by Asphaug & Benz (1 994), by Solem (1994),
and by Chernetenko & Medvedev (1994) the effective diameter of the origina nucleus was
estimated at < 2 km. Scotti & Melosh found 2.3 km, but they used an early orbit whose
1992 perijove distance was too large. Refined orbits yicld a miss distance of less than
25,000 km above the cloud tops (Yeomans & Chodas ]994), requiring a revision of
Scotti & Melosh’s value to 1,8 km. Asphaug & Benz, employing a recent orbit, de-
rived an effective diameter of 1.5 km, while Solem obtained 1.8 km and Chernetenko &
Medvedev, 1.1 km.

The agreement among these results is not surprising, because they all were determined
from the same observed quantity----the length of the nuclear train, aways interpreted as
a product of radial differential perturbations by Jupiter. Only in two of the four studies




Z.Sckanina: Tidel breakup of Comnel Shocmaker-Levy 9 19

was the issue of the trails addressed at all, very briefly in either case. Asphaug& Benz's
discussion was limited to an obvious remark tlist. trails of debris could beexpected on
cither side of the major clumps, but they offered no quantitative information. Scotti &
Melosh concluded that the trails were €ither made up of remnants of a dust coma that
the comet bad possessed before its closc encounter with Jupiter, or consisted of dust
liberated during the breakup and subsequently perturbed by various forces s, The extent
of the trails was noted by these authors to correspond to a diameter of ~2035 times
the diameter of the parent comet but they did not elaborateon the significance of this
finding. The other two papers ignored the existence of the trails allogether and none of
the four studies paid any attention io the systemn of tails or to the sector of materia to
the north of the train and the trails.

In the meantime, the comet’s first observations by the HST, made o July 1, 1993, were
analyzed by Weaver etal. (1994). After subtracting thelight of the surrounding comae,
the magnitudes of the central nuclei in the 11 brightest condensations were calculated
to imply effective diameters in the range from 25 to 43 km, at an assumed geomnetric
albedo of 0.04. Even though Weaver et a. remarked that the derived nuclear magnitudes
may not have been entirely free from a contamination by residual dust in the employed
3 x 3 pixel box centered on the brightest pixel, the effect could not possibly have amounted
to >3 magnitudes, nor could the albedo have been underestimated by a factor of >20 to
make the results compatible with the progenitor’s diameter of < 2 km.

Weaver et a. (1995) subsequently applied the same technique to the ST observations
from January and March 1994, finding that the spatial brightuess distribution in the
condensations could not be fitted by a simple model and that there was no reliable way
of deconvolving thc contributions by any unresolved sour ces from the surrounding dust
clouds. On theother hand, application of an independent deconvolution technique to the
11S1' images from January, March, and July 1994 by Sckanina (1995) resulted in positive
detections of unresolved sources in nearly al condensat ions under investigation. The
calculated dimensions for the major fragments were found to be virtually independent
of the law used to approximate the brightness distribution of the extended source (the
surrounding dust cloud) and agreed closely with those derived by Weaver et al. (1994)
from the July 1993 data.

Several other lines of evidence also suggest strongly that the original nucleus could not
possibly be < 2 km in diameter. From their analysis of the optical depth distribution
of the dark impact debris on Jupiter imaged with the HST between 1 day and 1 month
after thc last impact, R. A. West et al. (1995) concluded that the mean particle radius
was between 0.2 and 0.3 pm and their total volume was equal to the sphere 1.0 km
in diameter. Since these aerosol particles are believed to have represen ted condensates
of supersaturated vapor originating from the lot gas in the raising plumes of debris,
they consisted primarily--and perhaps exclusively---of the impactor’sinass and, unlike
in the original cometary environment, had densities closc to the mineralogical densities
of the involved materials. R. A. West et al. adop ted a density of 2 g/cin®, which yields
a total mass of 1.0 x 10”9 for this optically recovered inass of the refractory material
and already corresponds to an effective diameter of 2. | km for the comet's plausible
bulk density of 0.2 g/em® (cf. Sees. 5.2 and 5.3). There is no doubt whatsoever that
this optically recovered aerosol mass represents only a fraction of the total recondensed
refractory mass of the fragments, which, in turn, represents only a small fraction of the
total mass delivered to Jupiter by the fragments and by the dust clouds in which the
fragments were immersed before impact. Even this total delivered inass obviously dots
not represent the entire mass of the original comet, athough the two may be comparable
in magnitude.
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The incompleteness of the opticaly recovered aerosol mass is plainly illustrated by the
fact that the contributions to the dark debris from most ofl-train condensations remained
undetected. Besides, R. A. West et al. (1995) emphasize that significant nucleation
requires supersaturation and that cooling below the saturation point isnot asufficient
condition for the aerosol format ion. They aso find that, in a dense plume of debris,
silicates and similar refractory materials could condenseinto grainslarger than 10 pm in
radius, whose sedimentation times in the Jovian atmosphere are only a fraction of 1 day.
Such large particles obviously could not survive in a debrisimaged days or weeks after
impact. M’'lien R. A. West ef al.’s results arc combined with Vanysek’s (1995) estimate
that only ~1percent of the delivered mass should have contributed to the rccondensation
process, onc finds a total delivered cometary mass of ~107g. And since the optically
recovered acrosol mass was probably derived from the recondensed residual mass involved
in the explosions in the lower stratosphere and/or tlie troposphere, it would not include
the fraction of the original mass of the impactors that was lost by their precipitous
fragmentation in the upper atmosphere prior to the explosions and may have been
responsible for, or contributed to, the detected heating of the stratosphere (e.g., Lellouch
el a. 1995, Bézardet a. 1995). This missing mass has remained unaccounted for, even
though it may have represented a significant fraction of tbc initid mass of the large
fragments. Finally, from observations at millimeter wavelengths, addition alsubstantial
amounts of the delivered mass were identified by Lellouchet a. (1995)in the form of
volatile compounds , concentrated near the 0.5 mbar pressure level and probably involved
inthe shock chemistry. Forthe fragment G alone, a total mass of 104 g of carbon
monoxide was detected in the telescope’s beam of 12 arcsec several hours after impact
(revised more recently to 5 x 10'* g; Lellouch 1995). Recovery of all these impressively
large amounts of mass from an original nucleus of Icss than 2 km in diameter would
surely represent a humpty-dumpty feat of unrivalled proportions.

5,5. Rotationmodel for the progenilo r nucleusand collision al evolution of the debris

One of the first results of the numerical experiments conductedinPaper 1 was a finding
that equivalent values could be established for an initial radial separation of the fragments
or for their orbital velocity increment or for various combinations of these quantities so
that they yielded identical temporal variations in the nuclear train’s apparent evolution
(its length and orientation), a fact that can also be derived from the virial theorem. If the
breakup is assumed to have occurred at closest approach, the relevant values are 1.26 km
for the radial separation (that is, the nucleus diameter) and 0.17 /s for the orbital
velocity increment. Thus, the breakup of the progenitor 1.26 km in diamncter represents
only onc of an infinite number of possible solutions, bascd on a number of assumptions
regarding the time of the event (ezactly at perijove) and the cornet’s rotation vector (no
rotation or the axis aligned with the orbital velocity vector). This is such an exceptionally
specia case that the probability of its having actually taken place is virtualy nil. The
equivalence of effects due to Jovian perturbations and due to an orbital velocity impulse
signifies a basic dynamical indeterminacy of the problem, which is also reflected in the
major role of the comet’s rotation recognized by Asphaug & Benz (1 994) and by Solem
(1994) and which makes the tight constraints on the parent comet’s size aud bulk density
in these models vulnerable and suspect.

A Monte Carlo simulation of ubiquitous low-velocity particle particle collisions, car-
ried out in Paper 1, showed that the initial rotational velocities were rearranged into
a rapidly “thermalized” distribution, characterized by a long tail of fairly high velocities
(up to ~7 m/s) for the debris that eventually populated far regions of the trails. The
period of intense particle-particlc collisions was estimated to have continued for at least
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afew hours, a which time the systematic forces beganto dominate. The particle mass
distribution of the fragments appears to have been relatively flat near the upper end
of the size spectrumn but steeper for pclrblc-sized and smaller debris. Fine dust effec-
tively provided a temporary viscous medium for the major fragments. Dimensions of
fragments populating the west-southwestern trail probably ranged froin several hundred
meters down to a fcw centimeters, thelatter constraint being dictated by the absence of
measurable solar radiation pressure effects, The debris in the east- northeastern trail was
mostly submillimeter- and millimeter-sized. All the debris to the north of the train-trail
boundary was affected by solar radiation pressure and made up of particlesthat were
microns to several millimeters across, the size being the largest near the boundary.

To constrain the comet's bulk properties, a rotational 1nodel was formulated by us in
Paper 1 and a search was initiated for solutions consistent with evidence on the nuclear
train arid the trails, while also accommodating limnited information onthe tails and the
sector of material. The maximum dynamically plausible t1 ain and trail lengths, searched
for as functions of a location on the nucleus, depend on the nuclear dimensions and
the rotation vector of the parcut comet, on the effective breakup time (Sec. 4.2), on
the particle-mass distribution of the debris, and on the cclllisional-velocity enhancement
factors. Although nounique solution could be derived, models for the parent cornet that
fitted the constraints best implied a nuclear diameter of ~10km,aspin axis nearly in
the jovicentric orbital plane, and a short rotation period, perhaps 7-8 hours. For a bulk
density of 0.2 g/cm3 the net tidal stress is calculated to have been 0.0038 bar at perijove,
0.0008 bar 1 hour earlier, and 0.0002 bar 2 hours earlier, comparable with the central
gravitational pressure and the centrifugal stress due to rotation. It thusappearsthat the
cornet’s spin assisted the tidal forces in splitting the nucleus apart.

6. Summary and conclusions

The events experienced by cornet Shoemaker- Levy 9 near Jupiter in early July 1992
began with fissures propagating throughout its nucleus, about 10 krn in diameter or 10'g
in mass at an assumed density of 0.2 g/cm3. The cracks were caused by tidal stresses
exerted by the planet, with some assistance froin the coinet’s rotation. Probably even
before reaching perijove,the inflicted structural failures resulted in the body’s gradua
breakup, first into a couple of large fragments accompanied by immense atnounts of sinall-
sized debris. Because of a distribution of rotation velocitics, collisons became inevitable
and, together with the continuing tidal forces, contributed to further fragmentation.
The collisions] velocity distribution rapidly “thermalized” and developed a long tall,
populated by particulates with relative velocities of up to ~7 m/s. Intensive collisions
did not terminate until after perijove, defining the effective time of breskup (dynamical
separation). The )0--12 largest fragments contained apparently closc to 90 percent of
the total mass of the progenitor. The largest fragment was estimated to have been at
least 4 km in diameter. A mean fragment size gradually decreased from the train to
the two trails, the tails, and the sector of material, which contained microscopic debris.
Definite evidence for discrete events of secondary fragmentation indicates that the comet’'s
disintegration continued long after its 1992 encounter with Jupiter. Observed effects
on the unevenly susceptible fragments provide intriguing information on the complex
morphology of the comet’s nucleus interior. The orbital calculations offer an independent
insight by showing that fragments that ended up nearer the planet at the end of the
collisions] period remained so throughout the orbit until collision, while fragments with
greater velocity increments in the direction of the cornet's motion had larger orbital
dimensions aud impacted Jupiter later.
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The comet’s fragments of the estimated mass will have delivered a tota encrgy of tens
of millions of megatonsof ‘I'N’I" upon impact. Much of this energy wasrapidly dissipated
over huge volumes of the Jovian at mosphere in the early phase of each fragment's entry
and only a fraction was apparently transformed into more persisting, readily detectable
effects. Whereas the impact phenomena provide critical information ont he nature of the
fragments’ inter-actiol) withthe Jovian atmosphere, the comet's tidal disruption] deserves
atention in a broader context, including the role of nuclear splitting in the evolution of
comets. A particularly diagnostic property concerns systcematic differences in fragiment
configurations of tidaly and nontidally split objects. Whatever the mechanisin(s) of
nontidal breakup may be (Sec. 1), it is well known (Sckanina 1977, 1982) that the con-
figuration of fragments is in these cases controlled primarily by differential forces acting
along the direction of the radius vector. Relative to the principal (parent ) nucleus, which
is usually (but not necessarily)the brightest component, the companions are lined up
approximately along the antisolar direction shortly after their separation, but rotate their
positions gradually with time and end up eventualy---if they arc still observable- —in the
direction of the reverse orbital-velocity vector, that is, they follow the parent object in
its heliocentric orbit. Hence,the characteristic attribute of such configurations is that
the parent nucleus is aways situated at the leading end of the fragiment lineup. This
dynamical evolution is of course readily predictable froin considerations of the orbital
angular momentum and is indeed consistent with observations of fragments of most split
comets. For on] y three among the split comets with more than two components ever
observed was the brightest condensation situated at a “wrong” location, after each of
them had broken tidally in the immediate proximity of tbc Sun or Jupiter: the sungrazer
188211 = C/1882 RI, 16 P /Brooks 2, and Shoernaker-Levy 9. This evidence shows that
the fragment configurations of tidally split comets are determined primarily by the condi-
tions at breakup and not by the differential forces that the fragments might be subjected
to following their separation.

Ithank H. A. Weaver for providing his measurements of the offsets of the component
Q, from Q; on the HST images. 1 also thank J. V. Scotti for commnunicating his and
T. S. Metcalfe’s results on the dust trails and tails before publication. Thisresearch was
carried out by the Jet Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administrationand was supported
in part through Grants GO-5021 and GO-5624 from the Space Telescope Science Insti-
tute, operated by the Association of Universities for Research in Astronomy, Inc., under
contract with the National Aeronautics and Space Administration.
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